Due to their central role in industrial formulations spanning from food packaging to smart coatings, polymer nanocomposites have been the object of a remarkable attention over the last two decades. Incorporating nanoparticles (NPs) to a polymer matrix modifies the conformation and mobility of the polymer chains at the NP-polymer interface and can potentially provide materials with enhanced properties as compared to pristine polymers. To this end, it is crucial to predict and control the ability of NPs to diffuse and achieve a good dispersion in the polymer matrix. Understanding how to control the NPs' dispersion is a challenging task controlled by the delicate balance between enthalpic and entropic contributions, such as NP-polymer interaction, NP size and shape, and polymer chain conformation. By performing Molecular Dynamics (MD) simulations, we investigate the effect of polymer chains' stiffness on the mobility of spherical NPs that establish weak or strong interactions with the polymer.
nm has been shown to improve the polymer's performance, including its electrical and thermal conductivity, viscoelasticity, and strength. [1] [2] [3] [4] These and other properties are the macroscopic evidence of mechanisms originating at the nanoscale as a result of a combination of enthalpic and entropic contributions, which control the local rearrangement of polymer chains and NPs and the subsequent formation of new (transient) microdomains. Although the genesis of these mechanisms is in the interactions established at the NP-polymer interface, their effect extends to the microscale, and has a dramatic impact on the macroscopic response of the material. 5 Enthalpic interactions (generally dominant 6, 7 ) are often controlled by modifying the NP's surface, for instance with grafted polymeric ligands, [8] [9] [10] whereas entropic interactions strongly depend on the relative size of polymer chains and NPs as well as on their intrinsic geometry. These tendencies, however, are not of general validity as revealed by the incompatible conclusions of independent experimental studies, especially when assessing the role of interactions on polymer chain and NP mobility. [11] [12] [13] [14] Investigating the ability of NPs to diffuse in a polymer melt is especially relevant to gauge their tendency towards either dispersion or aggregation. Additionally, the NPs' mobility can influence the dynamics of polymer chains so deeply that existing properties, such as the toughness of the material, 15 are deeply changed. The connection between the dynamics of NPs and polymer chains at the nanoscale and the macroscopic behavior of a PNC is especially evident above the glass transition temperature (T g ), where NPs smaller than the polymer radius of gyration R g , due to their enhanced mobility, are particularly effective in dissipating energy and thus toughening the material. 15, 16 The dynamics at such small length scales has a remarkable effect on the macroscopic response of the material, including its rheology. The rheological properties of PNCs have been recently assessed in terms of the interactions established between NPs and polymer chains, [21] [22] [23] [24] the na-polymer always increases its viscosity as predicted by the Einstein law, valid in the dilute limit: η = η p (1 + aφ) , where η p is the viscosity of the pure polymer, φ the volume fraction of the particles, and the constant a = 2.5 the Einstein coefficient or intrinsic viscosity. In the semi-dilute regime, where the volume fraction of the particles is larger, a second order correction is applied: η = η p (1 + aφ + bφ 2 ), where 4.375 b 6.25. [29] [30] [31] [32] These simple analytical expressions cannot be applied to polymers incorporating nanosized particles, whose viscosity shows a non-trivial dependence on a number of enthalpic and entropic contributions, 22 and a strong correlation with the specific interface area between polymer chains and NPs. 33 Nevertheless, molecular modeling allows to switch off many of these contributions by coarse-graining the host polymer and guest NPs as well as their interactions. The coarse-grained (CG) models usually employed to describe the behavior of a polymer drastically reduce the number of its degrees of freedom (e.g. chemical details), while maintaining the main physics underpinning its structural, dynamical, and rheological properties.
In this work, we investigate the effect of chain stiffness on the NPs' and polymer chains' mobility as well as on the shear viscosity of the PNC. By applying simulation and theory, Yethiraj and coworkers analyzed the diffusion of tracers in a melt of frozen and mobile chains at different degrees of chain stiffness. 34 While the tracer diffusivity results unaffected by the chain rigidity when the chains are frozen, it significantly decreases with increasing chain stiffness in a melt of mobile chains. According to these results, the authors conclude that the tracer diffusion would strongly depend on the local chain dynamics rather than on the chain conformation. We should notice that the tracer's size, being comparable to the monomer's size, is perhaps too small to perceive the effects of a change in chain conformational rigidity and, although it could perfectly model, for instance, molecular diffusion in a polymer, cannot straightaway be employed to reliably reproduce the dynamics of realistic NPs, whose size is usually in the order of R g or larger. The practical relevance of understanding the effect of the chain rigidity is not limited to PNCs, but extends, for instance, to natural macromolecules, such as DNA and proteins, whose diffusion and/or self-diffusion in crowded media controls many relevant biological functions. We observe that increasing the degree 4 of chain stiffness favors the transition from an isotropic phase to a nematic liquid crystal phase, with the chains aligned along a preferential direction. The I/N phase transition of polymer chains attracted a relevant attention over the last twenty years. In melts of semiflexible chains, modelled as tangent hard spheres, it was observed that a minimum stiffness is required in order to stabilise the nematic phase and this threshold value would increase with increasing chain length. 35 At infinitely large stiffness (rod-like chains), a I/N phase transition can be observed at large densities, but only if the chain length-to-diameter ratio, L * , is not too small. 36, 37 For instance, short hard rod-like chains undergo isotropic-to-solid or isotropic-to-smectic phase transitions if their aspect ratio is L * < 3.4 or 3.4 < L * < 3.8, respectively. 37 These phase boundaries would dramatically change if the same rod-like chains interacted via soft rather than hard potentials, such as the Kihara potential employed by Cuetos and coworkers. 38 Adding a second component, such as NPs, have also a crucial effect on the location of the I/N transition, which is affected by both NP shape and size. 39, 40 The isotropic-to-nematic phase transition is accompanied by a changeover from isotropic to anisotropic dynamics, promoting the diffusion along the nematic directorn over that in the plane perpendicular to it. The resulting anisotropic dynamics determines a significant change in the resistance to flow of our model PNC, with the zero-shear viscosity in the direction ofn decreasing down to a quarter of its value in the isotropic phase.
II. Model
To investigate the dynamics of NPs and polymer chains and the viscosity of the PNC, we employ a CG model, where several atoms are grouped together in a simplified manner to reduce the number of interaction sites and then speed up calculations. We stress that coarse-graining a polymer system by disregarding the chemical details of the polymer chains implies relevant approximations that introduce an element of uncertainty at the very small scale, that typical of chemical bond lengths.
Nevertheless, CG models have a striking advantage over more sophisticated models: they are able to approach length and time scales currently inaccessible to atomistic models. Because here we investigate phenomena that develop over the nanoscale and do not aim to reproduce the behavior 5 of a specific polymer, we employ a CG model that is able to unveil the structure, dynamics and viscosity of a generic homopolymer consisting of linear unentangled chains. 33, [43] [44] [45] [46] In the last fifteen years, several CG models have been developed to reproduce the properties of specific polymer systems, including poly(vinyl alcohol), 47 polyethylene, 48-51 polystyrene, 52 and polypropylene. 51 Although these models are very different from each other in terms of strategy and purpose, they all aim to map the atomistic system of reference into a coarser mesoscopic model that neglects the chemical characteristics of the chains. We refer the interested reader to these works for additional details or to dissipative particle dynamics in case of problems embracing larger length scales and involving hydrodynamics. [53] [54] [55] In particular, our systems contain N n = 80 spherical NPs in a melt of N c = 4000 linear polymer chains consisting of l = 10 beads connected to each other by bond length and bond bending energy terms. Consequently, the total number of beads in the system is N t = 40080. The diameter and mass of the polymer beads are, respectively, σ and M, which are the unit length and unit mass of our systems. By contrast, the NP diameter is σ n = 3σ and its mass M n = 27M. A visual representation of the model chains and NPs employed in our simulations is given in Fig. 1 . Figure 1 : Model polymer chain made of l = 10 beads with diameter σ. The red sphere of diameter σ n = 3σ represents a typical NP dispersed in the polymer matrix, with the hard core highlighted in purple, and the thickness of the soft shell measuring σ/2.
All non-bonded interactions are modeled via a modified Lennard-Jones (LJ) potential, U αβ , that
Here α and β refer to chain beads or NPs and r is the bead-to-bead distance. The energy parameter, αβ , depends on the specific pair of beads. In particular, the interaction between two chain beads or monomers (m) is taken as the model unity energy, mm = , and employed to define the reduced Bonded interactions between adjacent chain beads are described by the sum of two contributions: the LJ potential provided in Eq. (1) that prevents chain overlaps, and the Finitely Extensible Nonlinear Elastic (FENE) potential that prevents chain breaking. The FENE potential reads:
where kσ 2 / = 30 and R 0 /σ = 1.5 are the intensity and range of the interaction, respectively.
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The chain stiffness is incorporated via a harmonic potential describing the fluctuations of the bond angle:
where θ and θ 0 = π are, respectively, the bond angle and its equilibrium value, whereas K θ is the interaction strength and measures the degree of chain stiffness. In particular, K * θ = K θ / is the reduced chain stiffness and a simulation parameter varying between 0 and 100. In summary, the complete force field employed to describe the bonded interactions is
with R mm = 0 and r c mm /σ = 2 1/6 .
III. Simulation Methodology
We performed MD simulations to equilibrate the systems and analyze their structure and dynamics, and reverse non-equilibrium MD (RNEMD) simulations to determine their shear viscosity. 57, 58 All the simulations were carried out using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 42 with a timestep δt = 10 −3 τ. Each system has been equilibrated at the same temperature T * = 1 in cubic boxes with periodic boundaries and side length L = 40.776σ.
The initial configurations consisted of chains and NPs sequentially arranged as in a lattice network that were allowed to relax gradually to the desired temperature by employing a Nosé-Hoover thermostat. This produced a completely random distribution resembling an isotropic polymer melt incorporating NPs and provided the starting configuration for the production runs. Equilibrium MD simulations have been performed in the NVT (canonical) ensemble, at constant N t , T and simulation box volume, V. The interaction between chain beads and NPs has been adjusted by tuning the simulation parameters mn and r c mn . In particular, four sets of parameters define these interactions, and read ( refers to an athermal system, where monomer-monomer, monomer-NP and NP-NP interactions are identical, whereas the three remaining sets produce attractive monomer-NP interactions and will be identified by the value of * mn . In addition, the degree of chain stiffness is adjusted by modifying the parameter K θ , which assumes the values K * θ = 0, 1, 2, 5, 10, 20, 50, and 100. To assess the main structural features of the systems studied, we calculated (i) the mean-square radius of gyration, R 2 g , of the polymer chains, (ii) their mean-square end-to-end distance, R 2 ee , (iii) the pair correlation functions, g αβ (r), and (iv) the nematic order parameter, S 2 . More specifically, the mean-square radius of gyration and end-to-end distance read
and
where ... indicate ensemble average, r i and r cm are the position vectors of the monomer i in a given chain and the center of mass of this chain, respectively, and b i = r i+1 − r i is the bond vector between the chain beads i and i + 1. The radial distribution function for a generic pair of beads α and β is computed as
where ρ β = n β /V is the number density of beads β in the simulation box; n β (r) α is the average number of beads β at a distance r from a bead α; and V shell (r) is the volume of a shell centered on α and inner and outer radii r ± Δr/2, with Δr the shell thickness.
In order to unambiguously distinguish an isotropic from a nematic phase, we estimate the nematic order parameter, S 2 , which quantifies the alignment of the principal molecular axis of the polymer chains with the nematic director of the bulk phase:
9 
| is the unit orientation vector of chain i. The definition ofû i is arbitrary and such that its ensemble average is zero in an isotropic collection of chains: û i = 0. In particular, S 2 andn are, respectively, the largest eigenvalue and the corresponding unit eigenvector of the following second-rank tensor
with ⊗ the dyadic product and I the unit second-rank tensor. All the above properties have been averaged over 2 · 10 3 configurations and every 5 · 10 3 timesteps.
To assess the mobility of polymer chains and NPs, we estimate the diffusion coefficients from the slope of the mean squared displacement (MSD) at long times. As far as the polymer is concerned, both the MSD of the chains' center of mass and that of the chain beads are calculated in order to assess their relative mobility and separately compare it to that of NPs. In the isotropic phase, the MSD is calculated as
with t 0 the initial time of the trajectory of bead α. The resulting diffusion coefficient reads
By contrast, in the nematic phase, we separately estimate the MSD alongn and in the plane perpendicular ton by evaluating the projections r α, = r α ·n and r α,⊥ = r 2 α − r 2 α, . 59 Consequently, the parallel, D , and perpendicular, D ⊥ , diffusion coefficients read:
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The shear viscosity of our model PNCs is estimated by employing the RNEMD method originally proposed by Müller-Plathe for LJ fluids 57, 58 and later extended to polymers. 60 Here we review the main features of this method and refer the interested reader to these works for details.
The shear viscosity, η, links the transverse momentum flux, say, in the z direction, J z (p x ), to the velocity gradient ∂v x /∂z, according to the following equation:
where p x is the momentum in the x direction, withê x ⊥ê z . In RNEMD, the flux is generated by an unphysical momentum transfer across the system. More specifically, a given equilibrated system is first replicated in one direction, say z, to obtain an elongated orthorhombic simulation box and then relaxed to level out the density fluctuations. The box is then divided in 20 slabs along the largest dimension z. The chain bead with the largest negative momentum in the x direction is selected from the top slab, and the chain bead with the largest positive momentum in the x direction is selected from the central slab. The velocities of the two beads in the x direction are swapped and, as a consequence, momentum is transferred across the slabs. Because the selected beads have the same mass, this velocity swap will not alter the total momentum and kinetic energy, both of which are conserved. It should be noticed that, due to their relative low concentration in the system as compared to the chain beads, pairs of NP beads are never selected, although the momentum transfer will still affect their velocities. The resulting momentum flux can be calculated as
where t is the length of the simulation, A the area of each slab, and the factor 2 arises because the momentum transfer occurs from one slab to the other along two possible directions. This flux
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 generates a velocity gradient ∂v x /∂z that can be considered linear if the flux, controlled by the period, Wδt, of the velocity swap, is not too large. The flow velocity in each slab is determined by averaging over the velocities of all the beads in that slab and the final slope − ∂v x /∂z equals the shear rateγ. By increasing the velocity swap period, the shear rate decreases. 60 The shear viscosity is then calculated as
As far as the isotropic systems are concerned, the shear viscosity can be evaluated by averaging out six contributions to the momentum flux:
By contrast, nematic systems are aligned in the direction ofn and therefore the value of η is not unique, but depends on the orientation of the nematic director. In particular, we can define three independent viscosity coefficients when the nematic director is: 1) parallel to the shear flow, 2) parallel to the velocity gradient, and 3) perpendicular to both. 61 As a consequence, assuming that n ê z , these terms are determined by:
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Due to its effect on the translational entropy of the polymer chains, the degree of chain stiffness is expected to have a relevant impact on the distribution of the NPs in the polymer melt and on their mobility, being both aspects determinant for the macroscopic response of a PNC. In this section, we investigate how changing chain flexibility can induce an isotropic-to-nematic (I/N) phase transition, which provokes an intriguing anisotropic NP's diffusion and influences the rheological behavior of the systems studied. The I/N phase transition, visually portrayed in Fig. 2 and determined by mapping the nematic order parameter S 2 , is characterized by a chain reorientation along a common nematic director,n. The degree of dispersion of NPs within the polymer matrix has been analyzed by estimating the monomer-monomer, chains' center of mass-center of mass, monomer-NP, and NP-NP radial distribution functions (RDFs), or equivalently, g mm , g cc , g mn , and g nn , respectively. Both mn and K θ do not display any remarkable effect on the distribution of the polymer chain beads, with the g mm functions (not shown here) exhibiting the typical behavior of a dense fluid with relatively strong correlations at short distances and fast decay to 1. Similarly, the distribution of the centers of mass of the chains (Fig. 3) is not significantly affected by mn , but can locate the isotropic to nematic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phase transition, which can be appreciated from the appearance of a clear peak at r/σ 1.4 and K * θ > 10. The functions g cc at K * θ = 0 (blue dotted lines in Fig. 3) show that fully flexible chains are folded, implying that their center of mass is mostly surrounded by beads of the same chain.
Therefore, we conclude that the most probable distance between two centers of mass is r 2R g . At increasing degrees of stiffness, but still in the isotropic phase, the polymer chains start to arrange into unfolded configurations with their center of mass lying outside the chain contour length and potentially overlapping with the center of mass of neighboring chains. This picture is supported by the larger values displayed by g cc (r/σ < 1) at K * θ = 1 (solid black lines in Fig. 3 ) as compared to those obtained at K * θ = 0 (blue dotted lines in the same figure) . At K * θ 10, with the chains completely unfolded and their monomers roughly aligned to each other along a common direction, the probability to observe the chains' center of mass at a mutual distance r/σ < 1 decreases again and becomes negligible at K * θ = 100 (red dashed lines in Fig. 3 ). The latter condition implies that the chains' center of mass are aligned with the same chain beads, and the monomer-monomer interactions prevent them from approaching each other at a distance smaller than r/σ = 1. The monomer-NP RDFs (Fig. 4) show a non-negligible dependence on the interaction strength as the increasing height of the first peak with mn indicates (note the different scale in the vertical axis).
In this case, the stronger attraction between NPs and chain beads results into an enhanced local chain adsorption on the NP's surface, especially evident at K * θ = 1 as flexible chains better adapt to the the NP's curvature.
As far as the NP-NP RDFs are concerned (Fig. 5) , both K θ and mn have an important effect on the degree of dispersion of NPs. Specifically, under athermal conditions (Fig. 5a ) the polymer chains are less likely to be found in the interparticle space, thus promoting a partial NP's clustering that is favored at larger degrees of chain stiffness (red dashed line in Fig. 5a ). The clusters observed in these systems are generally elongated and approximately oriented along the nematic director (inset in Fig. 5a ). At slightly attractive interactions ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 stiffness, where the binary clusters are roughly spherical (see inset in Fig. 5d ). Therefore, by tuning the strength of the NP-monomer interactions and degree of chain stiffness, we are able to observe a spectrum of local structures spanning from string-like clusters of NPs to chain-NP binary aggregates. We stress that only at moderate values of mn (for instance, at * mn = 3) a homogeneous distribution of NPs, not particularly influenced by the degree of chain stiffness, can be achieved.
The local morphology of the polymer at the bead-scale can be assessed by estimating the polymer chain's characteristic lengths, for instance the radius of gyration, R g , and end-to-end distance, R ee . Both parameters are reported in Fig. 6 as a function of K θ and mn . While the strength of monomer-NP interaction has practically no effect on R g and R ee , the constant regulating the chain stiffness deeply affects the conformation of the polymer chains especially up to K * θ = 10, above which R g and R ee saturate to the steady value of 2.8σ and 8.7σ, respectively. Moreover, the standard deviations of R g and R ee , indicated by the vertical bars in Fig. 6 , show that the distribution of the polymer chains' conformation is very narrow at large K θ , but increasingly wider at small K θ , and it is not affected by mn .
It is convenient to calculate the persistence length of the polymer chains at different degrees of chain stiffness. The persistence length, p, is defined as the length over which the correlations along the tangent to the chain bonds are lost. From the ideal chain model, the persistence length is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 defined as:
where θ is the bond angle defined in Section II to measure the bending potential. It should be noticed that this definition assumes that the correlation decay of the chain angles is an exponential function of their distance along the chain. This assumption is strictly true only for ideal chains as such orientational autocorrelation function has been reported to follow a power law in self avoiding chain models. 62, 63 Therefore, the results reported in Fig. 7 should be considered on a mere qualitative basis to address how the rigidity of the chain is influenced by the isotropic-tonematic transition. Nevertheless, the above mentioned definition of the persistence length can be still applied to characterize the local chain rigidity. 64 The dependence of the persistence length on the chain stiffness is shown in Fig. 7 . Although we estimated p at the chain ends and central 17 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 theoretical predictions for systems of semiflexible polymer chains. 65, 66 More generally, the I/N phase transition has been reported to be intimately related to the ratio l/p. 64, 67 Consequently, the value of K θ at which we observe the I/N phase transition, would not be conserved after modifying the length or the density of chains in the system. We also notice that stiff rod-like chains might not form a nematic phase if their length-to-diameter ratio is not large enough, regardless of the value of K θ , and an isotropic-to-smectic phase transition would be rather observed. beads is very similar, especially for particularly stiff chains, whose segmental motion is strongly correlated to the mobility of its center of mass. Both in the isotropic and nematic phases, the beads move generally faster than the whole chain in the ballistic regime, where Δr 2 ∝ t 2 , but this difference becomes almost negligible at long times. The alignment of the chains at K * θ > 5 determines substantial differences in the dynamics alongn and perpendicularly to it. More specifically, in systems with high degrees of stiffness, Δr 2 shows a very smooth crossover from the ballistic to the diffusive regime, whereas Δr The slowing down of the transverse dynamics, being more evident at increasing K * θ , produces a crossover between Δr 2 and Δr 2 ⊥ at t * 4 for the chain monomers ( Fig. 9) and t * 1 for the polymer chains (Fig. 10) . This crossover, which is associated to the anisotropic density distribution of the polymer chains, was also observed by computer simulations in colloidal suspensions of stiff rod-like and spherical particles 68 and experimentally in suspensions of semi-flexible rod-like viruses. 69 However, at K * θ = 10, despite the nematic order parameter being larger than at smaller degrees of stiffness, there is no crossover between the two components of the MSD. This suggests that the polymer matrix forms a weak nematic phase, where the polymer chains are not strongly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 inferred from Fig. 11 , where the NPs' isotropic MSDs are shown as a function of K θ and mn . In particular, at a given chain stiffness, the stronger the monomer-NP interaction is, the slower the NP's diffusion in the melt. This results in an additional time decade needed to displace a NP by its diameter when the monomer-NP interaction increases from * mn = 1 (black circles in Fig. 11 ) to * mn = 10 (green triangles in the same figure) . At t * > 1, the MSDs display a linear dependence on time as the NPs enter the diffusive regime for all the monomer-NP interactions studied except * mn = 10, at which the diffusive regime is achieved only at much larger time scales (t * 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 At long time scales, we calculated the diffusion coefficients to better clarify the combined effect of K θ and mn on the NP's mobility in the polymer matrix. The results are shown in Fig. 12 for different monomer-NP interactions and degrees of chain stiffness. As expected from the tendency detected in the above MSDs, the NP diffusion coefficients decrease at increasing monomer-NP interaction. In particular, the average ratio between the diffusion coefficients at * mn = 1 and those at * mn = 10 is in the order of 10 2 . In the isotropic phase, that is at K * θ 5, the NP's diffusion is faster than that in the nematic phase, especially when the interaction with the polymer chains is relatively weak. Increasing chain stiffness reduces the isotropic diffusivity by a factor of 2 at athermal interactions and * mn = 1 and * mn = 3. At stronger interactions, the diffusion is equally hampered over the whole range of K * θ studied, with Dτ/σ 2 
10
−4 . In the nematic phase, the global (isotropic) diffusion appears to be practically unaffected by the degree of chain stiffness. However, a more careful analysis, where D and D ⊥ , rather than the isotropic diffusivity, are analyzed, reveals an intriguing scenario, with the diffusion in the direction ofn significantly faster than that in the plane perpendicular to it. This tendency is observed in Fig. 13 ,
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 at shear ratesγτ > 10 −2 andγτ > 10 −4 , respectively. Moreover, the three curves tend to converge at larger values ofγ, which indicates that the melt is probably reoriented in the direction of the shear. A power law that is able to simultaneously fit both η 1 and η 2 is not surprising as the fitting parameter α is expected to increase with the polymer chain length, 60, 72, 73 which is constant in this study. While the value of α obtained in these simulation studies is roughly about 0.7, reptation theory, assuming the polymer confined in a tube-like region and following a reptation dynamics, predicts a rather larger value of α = 1.5. 74 The difference is most probably due to the Rouse dynamics followed by the short chains employed in our simulations as compared to the entangled 26 chains described by the reptation theory. In the linear viscoelastic regime, whereγτ << 1, the zero-shear viscosity η 0 is extrapolated aṫ γ → 0 and plotted as a function of the degree of chain stiffness in Fig. 15 . In the isotropic phase (K * θ 5), η 0 displays a monotonic growth at the four monomer-NP interactions studied. This can be explained by the increase in R g and the number of entanglements per chain with the degree of stiffness. 33, 75 At larger degrees of stiffness, the melt forms a nematic phase and the viscosity is described by three different curves, 61 depending on the direction of the shear. While η 1 ( ) and η 3 ( ) show a decreasing tendency with respect to the viscosity values in the isotropic phase, η 2 ( ) increases dramatically by up to almost two orders of magnitude. This behavior is qualitatively the same in all the systems studied, regardless of the monomer-NP interactions. However, only systems with * mn = 10 display significantly larger values of η 1 , η 2 , and η 3 than the others. This quantitatively small influence of low monomer-NP interactions on the viscosity can be justified 27 by the low monomer-NP specific interface area, which is roughly proportional to the fraction of polymer chain beads affected by monomer-NP interactions. The larger this amount of contacts is, the more sensitive the viscosity becomes to the the increase in monomer-NP interactions. 33 
V. Conclusions
In summary, we have performed extensive MD simulations of polymer melts incorporating spherical NPs and investigated their structure, dynamics, and viscoelastic behavior as a function of polymer chain stiffness at different monomer-NP interaction strength. Increasing the stiffness of the polymer chains promotes a phase transition from a weakly ordered (isotropic) phase to a nematic liquid crystal phase, where the orientationally ordered chains dramatically influence the dynamics and resistance to flow of the whole system. The distribution of NPs is generally homogeneous in the polymer unless the interactions between the former and the latter are relatively weak and the chains particularly stiff. In this case, the stiff chains tend to act as depletants by clustering the NPs together in order to enhance the packing of the system. By contrast, completely flexible chains can better adapt to the NPs' curvature and, as the analysis of the radial distribution functions suggested, favor their dispersion in the polymer matrix. For similar reasons, flexible polymers act as a gluing agent and favor the concentration of particles in small areas in systems with strong monomer-NP interactions, while more rigid chains, which cannot adapt their shape to the NPs' surface, favor the homogeneous dispersion of NPs. The effect of chain stiffness on the dynamics of NPs and polymer chains is dramatically influenced by the isotropic-to-nematic phase transition, promoting the longitudinal over the transverse diffusion of both components. This is especially evident in systems incorporating very stiff chains that establish strong monomer-NP interactions. Under these conditions, the diffusivity of NPs along the nematic director was observed to increase by up to a factor of 3 as compared to their diffusivity in the direction perpendicular to it. Not only does the chains' stiffness determine the mobility of NPs and chains, but also the viscoelastic response of the whole system and its resistance to flow. By performing RNEMD simulations, we estimated the dependence of the shear viscosity on the shear rate and observed a linear viscoelastic regime fol- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 lowed by shear thinning well described by a quadratic decay in the isotropic phase, whereas three different behaviors were obtained in the nematic phase, related to the direction of shear. In the linear regime, the zero-shear viscosity was determined and studied as a function of the degree of chain stiffness. While in the isotropic phase the zero-shear viscosity follows a monotonic growth, the full alignment of the chains in the nematic phase determines a slight reduction of the zero-shear viscosity if the shear flow is parallel to the nematic director. Similarly, if the nematic director is oriented perpendicularly to both the shear flow and the velocity gradient, the zero-shear viscosity also decreases. By contrast, a relevant increase in η 0 is observed when the nematic director is parallel to the velocity gradient.
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